We performed a biomechanical study to compare the augmentation of isolated fractured vertebral bodies using two different bone tamps. Compression fractures were created in 21 vertebral bodies harvested from red deer after determining their initial strength and stiffness, which was then assessed after standardised bipedicular vertebral augmentation using a balloon or an expandable polymer bone tamp.
We performed a biomechanical study to compare the augmentation of isolated fractured vertebral bodies using two different bone tamps. Compression fractures were created in 21 vertebral bodies harvested from red deer after determining their initial strength and stiffness, which was then assessed after standardised bipedicular vertebral augmentation using a balloon or an expandable polymer bone tamp.
The median strength and stiffness of the balloon bone tamp group was 6.71 kN ( SD 2.71) and 1.885 kN/mm ( SD 0.340), respectively, versus 7.36 kN ( SD 3.43) and 1.882 kN/mm ( SD 0.868) in the polymer bone tamp group. The strength and stiffness tended to be greater in the polymer bone tamp group than in the balloon bone tamp group, but this difference was not statistically significant (strength p > 0.8, and stiffness p = 0.4).
Compression fractures of the vertebrae can cause deformity, pain and disability. Nonoperative treatment has been the standard management of these fractures, 1 but more recently vertebroplasty and kyphoplasty, a modified form of vertebroplasty, have emerged as alternatives. They can provide earlier and longer-lasting relief from pain than nonoperative treatment. [2] [3] [4] [5] [6] Biomechanical testing has shown that both techniques provide comparable strength and stiffness to the vertebral bodies after augmentation, 7 but kyphoplasty has become more popular as it offers greater restoration of height. [8] [9] [10] [11] A new type of vertebral augmentation has been developed using an expandable polymer bone tamp, the SKy Bone Expander System (Disc-O-Tech Medical Technologies Ltd, Herzliya, Israel) which has been shown to be an effective method of treatment for vertebral compression fractures. 12, 13 Although this new system has been cleared by the Food and Drugs Administration for use in the USA, no report was found in the literature directly comparing the biomechanics of vertebral bodies treated with the SKy Bone system versus current techniques. We considered that the expandable polymer bone tamp may create a more defined cavity in the vertebral body before insertion of cement than an inflatable balloon bone tamp and that it might have a biomechanical advantage over existing techniques. This study examines whether the type of bone tamp affects the biomechanical properties of the treated vertebral bodies.
Material and Methods
Seven fresh spines of Red Deer ( Cervus elaphus ) ranging in age from 17 months to 26 months (mean 20.3), were procured from a game dealer. The specimens were kept fresh and were refrigerated at 4˚C prior to their use. All work was carried out adhering to The Specified Risk Material Regulations 1997 14 and the Department for Environment Food and Rural Affairs biological material storage and handling guidelines. 15 The spines were denuded of all soft tissue and the cervicothoracic segments were identified and discarded. The deer spine normally has six lumbar vertebrae. 16 All the vertebrae were disarticulated, their discs excised and the posterior elements removed to facilitate mechanical testing. The individual vertebrae were labelled according to segmental level and the spine from which they originated.
Kumar et al 17, 18 have shown that the vertebral levels L3 to L5 in the spine of the red deer exhibit absolute bone mineral densities (DEXA, performed before augmentation of the vertebrae) identical to those of an average human male for the corresponding vertebral level. These vertebrae were also shown to have the closest match in anatomical profile. Therefore only L3 to L5 were used in this study and the remainder were discarded.
A total of 21 vertebrae were harvested, and these were assigned to one of three augmentation groups in such a manner that the vertebrae from each anatomical level were distributed among the groups to minimise bias. All vertebrae underwent initial axial compression using an Instron Monsanto T20 tensometer (Instron Limited, High Wycombe, United Kingdom) to produce a vertebral compression fracture. Axial loading was stopped when a 25% loss of height of vertebral body was achieved. After the initial crush test, individual vertebral bodies were augmented according to their group assignment. Group 1. These vertebrae received no augmentation and served as controls. Group 2. A standardised balloon kyphoplasty was performed on each vertebral body using a balloon bone tamp. The KyphX Xpander Inflatable Bone Tamp (Kyphon, Sunnyvale, California) has a diameter of 3 mm and can be inflated up to 15 mm. A balloon 20 mm long was used in each vertebral body and was inflated to 100 pounds per square inch (PSI) for three minutes before removal. Group 3. A standardised vertebral augmentation was performed using an expandable polymer bone tamp. The SKy bone expander (Disc-O-Tech Medical Technologies Ltd) ( Fig. 1 ) is a polymer device intended for vertebral augmentation. It has a diameter of 4.8 mm which can be expanded up to 16 mm, and a length of 20 mm when deployed. It was expanded fully in each vertebral body, using the grading scale on the instrument, and was left in situ for three minutes before removal. Cementing. The resulting cavities in groups 2 and 3 were filled with polymethylmethacrylate cement (KyphX HV-R (high-viscosity radio-opaque) Bone Cement, Kyphon) using the bone filler device from the Kyphon and SKy systems, respectively. The two filler devices were comparable; the amount and the injection pressure of the high-viscosity radio-opaque cement would be similar. Cement was injected into each vertebral body until no more could be introduced. The volume of cement injected in group 2 was a mean of 2.1 ml (0.75 to 3.5) and correlated with the degree of expansion displayed on the balloon inflation device after standardised inflation. The volume of cement injected in group 3 was a mean of 2.2 ml (1.9 to 2.5). After injection, each vertebral body was wrapped in salinesoaked gauze, sealed in a plastic bag and kept at 24˚C for 24 hours before testing. Load testing. Using a 20 kilonewton (kN) Instron Monsanto T20 tensometer (Instron Limited), each vertebral body was axially compressed at a rate of 5 mm/min, 19 recording the load/displacement data. Failure was defined as a sudden decrease in load with increasing compression of the vertebral body. The data were recorded at 20 Hz. Strength (kN) was defined as the inflection point of the load/displacement curve, and the compressive stiffness was calculated in kN/mm using the slope of the load/displacement curve (Fig. 2) . Statistical analysis. The ultimate strength and stiffness of each vertebra was calculated and the data analysed using SPSS version 12.0 for Windows (SPSS Inc., Chicago, Illinois). Oneway analysis of variance and paired sample t -tests were performed, with a p-value < 0.05 considered to be significant. Box plots were generated showing the median value, the interquartile range and the maximum and minimum values.
Results
Out of the seven whole deer spines, a total of 21 individual vertebrae were deemed suitable for use in the study according to the anatomical profile and bone densitometry previously published. 17, 18 Strength. The initial median strength of the intact vertebrae in groups 1, 2 and 3 was 6.46 kN ( SD 3.82), 6.45 kN ( SD 2.49), and 6.49 kN ( SD 3.19), respectively. Following fracture and subsequent recompression, the median strength of group 1 (n = 7) was 3.89 kN ( SD 2.30). After kyphoplasty augmentation using a balloon bone tamp, group 2 (n = 7) demonstrated a median strength of 6.71 kN ( SD 2.71), and following vertebral augmentation using a polymer bone tamp, group 3 (n = 7) demonstrated a median strength of 7.36 kN ( SD 3.43). A box plot of the data is shown in Figure  3 .
The strength after augmentation was greater in group 3 than in group 2, but the difference was not statistically significant (p > 0.8). The strength after augmentation was significantly greater after kyphoplasty using a balloon bone tamp or a vertebral augmentation polymer bone tamp than in the control group (p = 0.001 and 0.04, respectively). Stiffness. The initial median stiffness of intact vertebrae in groups 1, 2 and 3 was 1.976 kN/mm ( SD 0.734), 1.876 kN/mm ( SD 0.804) and 1.881 kN/mm ( SD 0.929), respectively. Following fracture and subsequent recompression, the median stiffness of group 1 was 1.224 kN/mm ( SD 0.446). After kyphoplasty augmentation using a balloon bone tamp, group 2 had a median strength of 1.885 kN/mm ( SD 0.345), and after using a polymer bone tamp, group 3 had a median strength of 1.882 kN/mm ( SD 0.868). A box plot of the data is shown in Figure 4 .
There was no significant difference in augmented stiffness between groups 2 and 3 (p = 0.4). Both kyphoplasty using the balloom bone tamp and vertebral augmentation using the polymer bone tamp demonstrated significantly greater augmented stiffness than in the control group (p = 0.007 and 0.005, respectively).
Discussion
Vertebroplasty and kyphoplasty are established techniques for stabilising osteoporotic vertebral compression fractures. [20] [21] [22] Biomechanical testing has shown that both have comparable vertebral body strength and stiffness after augmentation. 9 Examination of factors which might influence these fractures after vertebroplasty or kyphoplasty has shown no significant biomechanical difference between unipedicular and bipedicular vertebroplasty 23, 24 or unipedicular and bipedicular kyphoplasty. 25 The type [26] [27] [28] [29] [30] [31] [32] [33] of cement used in kyphoplasty does not appear to affect the biomechanical properties of the vertebral body. Human non-embalmed fresh-frozen spines are the ideal model for biomechanical studies and implant testing, [36] [37] [38] but are difficult to procure since the introduction of the Human Tissue Act 2004. 39 The authors used an animal spine model as an alternative. Sheep, calves and pigs have been the most commonly used for in vitro studies in spinal research [40] [41] [42] [43] [44] [45] [46] but since the recognition of the possibility of transmission of bovine spongiform encephalopathy (BSE) to humans in 1998, 47 the use of these animals for experimental work in the United Kingdom has been restricted. The authors chose to use deer spines for this study, as these animals have not been reported as carriers of prion diseases and their spines have been shown to have biomechanical and material similarities to those of the human spine. 18, 19 We wished to examine whether the method of creating a cavity inside the compressed vertebra affects the final biomechanical properties after treatment. The technique employed most widely is to use a balloon bone tamp such as the KyphX Xpander Inflatable Bone Tamp. When the balloon is deployed it fills with fluid at controlled pressure and the balloon inflates. The shape of the cavity into which the cement is inserted is determined mainly by the shape taken up by the balloon. The SKy bone expander is a polymer device intended for vertebral augmentation. It is 4.8 mm in diameter and is expanded directionally up to 16 mm (Fig. 1 ) in a controlled manner within the vertebra. In contrast to balloon kyphoplasty the polymer bone tamp expands to a predesigned expanded configuration. Once optimum position is achieved, it is contracted and removed. Cement is injected into the defined void.
The authors considered the potentially different biomechanical characteristics between the bone tamp groups. The expandable polymer bone tamp might create a more defined cavity in the vertebral body before insertion of cement owing to its predefined configuration. The balloon bone tamp might conform to the 'path of least resistance' within the vertebral body. Once filled with cement, the cavity created using the polymer bone tamp might be more uniform and might confer greater strength, although so far there have been no studies examining the shape of the cement plug and augmented strength/stiffness of the vertebral body. The cavity made by the balloon bone tamp may have moulded to the fracture 'fault line' i.e. the weakest points in the body, thereby allowing the cement to travel to the locations where structural support is most needed and potentially increasing augmented strength and stiffness but again, further studies are needed to test this hypothesis.
No studies have compared vertebral augmentation using an expandable polymer bone tamp with kyphoplasty using a conventional balloon bone tamp. We found that vertebral augmentation using a polymer bone tamp was comparable with balloon kyphoplasty in restoring strength and stiffness of the vertebral body, following an induced vertebral compression fracture.
The value of this finding lies with the possible cost savings using the polymer bone tamp system. Since its introduction in 1998, approximately 300 000 fractures in 250 000 patients worldwide have been treated with balloon kyphoplasty. 48 The material cost savings per single-level vertebral augmentation made using the polymer bone tamp system instead of the balloon bone tamp system would be approximately £800. 48, 49 However, the adaptability of the polymer bone tamp system is slightly less than that of balloon kyphoplasty. The former is available with only two deployment configurations, trapezoidal and cuboid, whereas the balloon bone tamp is available with three different sizes of balloon and is also stocked with unidirectional balloons and special tools designed to create voids in specific directions. Furthermore, the polymer bone tamp system has an initial reduced diameter of 4.8 mm, whereas the balloon bone tamp is smaller, at 3 mm, which creates an advantage when treating small thoracic vertebrae or small diameter pedicles.
The results of this study demonstrate that vertebral augmentation using the expandable polymer bone tamp has similar biomechanical characteristics to those of conventional balloon kyphoplasty in a deer spine model.
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